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3+1 GLF simulations in BOUT++ 1L

lllustration of EPED1.6 Model, DIlI-D 132003
| — Peeling-Balllooning Constraint (ELITE)

.. KBM Constraint (BCP technique) e
. & EPED1.6 Prediction ]
- o Measurement (DIII-D)

-
r2

« Turbulent transport constrains the
pedestal gradient in the edge;

« The linear KBM physics in EPED'
successfully predicts the H-mode
pedestal height and width;

« 3+1 gyro-Landau-fluid (GLF) o
model is implemented in BOUT++ M O vt o ;’-U“ 0.05
to include the KBM turbulence "
effects in nonlinear ELM
simulations.
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1. P.B. Snyder, etal., NF(2011)



% 3+1 Gyro-Landau-fluid model L

« We utilize the gyrofluid model' developed by P. Snyder and G.
Hammett;

3+1 model: (ni' Vii»Pli> PLi> @, All' Plle ple)
* Full FLR effects (Pade approximation): k, p;~1;

« Parallel Landau damping: non-local transport;
* Non-Fourier methods
« Both in collisionless? and weakly-collisional® limits

« Toroidal resonance;
 Non-isotropic response (p, # p.)

In long-wavelength limit (k, p; << 1) and isotropic assumption
(py = pL), the set of equations is reduced to 6-field Landau-
fluid model? with gyro-viscosity.

P. B. Snyder and G. W. Hammett, PoP (2001)

A. M. Dimits, et al., PoP (2014)

M.V. Umansky, et al., J. Nucl. Mater. (2015)

T.Y. Xia, X. Q. Xu and P. W. Xi, Nucl. Fusion (2013)
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Gyrofluid equations are derived by moments
hierarchy from gyrokinetic equations

f(R, vy, 1)

n(R),y;(R),
p" (R), Pi1 (R);
q|| (R), qd.1 (R);

Average over gyro-motion which
u is adiabatically conserved

Gyrokinetic model: 5D

of . of
—+R-l7f+v||av"—

0
dt

moments

Gyrofluid model: 3D
n=[fdv ny =] fydv
pi=m/ fy —w)?d*v
p, = mJ fBud3v
qy = —3mvéngu; + mf fvp d3v
q, = —mvinouy + mJ fBuv,d3v

L



Full set of ion equations

in 3+1 GLF model L

on;
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7\; Vorticity formulation is used with full

electron response in 3+1 GLF model &
O _ _¢,p+ Doy, D - Vz s 4y gt g, FLReffect

ot noe ' By [Lo Continuity

aﬁ 2
== o Va#: VI~ T, [( bxx). -—

0w
L = = b() X Vd) va e BQV” + bO X K- V(p”z ;i plz = p”e +p_l_e)
9t By By

o o N
TO TD Vng - V(FU F1)¢:|

« Have better numerical property than 7, equation

Poisson equation:zo = eB3 [n% —n; —no (1 —T)

1. P.W. Xi, X.Q. Xu, efal., Nucl. Fusion (2013)



Carefully chosen closures are

essential to match kinetic effects

Gyro averaging and Padé approximation:

_ l ¢ 1
Vo = Bb X Vo FS (b) ~ 1_&#2
1 _ . 2v92
vi, = gbx V4 Yo~ b=—piVi
_ 1 I'n -1 =
(@.4)) =T5 (¢, 4)) o

lon Landau closures:

\/g ; iknfne
no TinT7 1 . 05
R+ 52

qpi =

O_(TJ_@Jr Viq))
i

Electron Landau closures:

G = —n \/§U ik Tie
lle — 0

"Ry + 5§
- 2 ?'kHTJ_e,
Gle — —ﬂo\/ —U

Tm|k"|+05

- 2 ’LkH
qLi = —No _'UTth
Toroidal closures:

|k | +
. - . ) L |Wd

o 3 : Jwa| . .
i ) W " Toroidal closure 3 (Real)

Wy ((th + @J_@') = 2n0T0V5|UJd|ﬁ||i

) B

Toroidal closure 2 (Imaginary)|




 (Code structure



Initialization (physics_init) L

< Physics_init >

! o
/ Read options / * Elgulljg;'mm cases (PO,

* 1: n; scan profiles;
W . 2: cyclone case;

e 4: tanh function

Normalization proﬂles;
I  5: Self-consistent
bootstrap current grid,;
CEEEIEE * 6: Real geometry with
| experimental profiles.
Save profiles

|

C Ed D) .




< Physics_run >

'

Calculate other fields

y

Ne, TIIiJ T_Li; T"e, TJ_e
JirVie

Get electric field

!

» Real space: n;, uy;

« Electrostatic potential: ¢

Gyro-averaged quantities

!

Closures

v

|

O

« Parallel Heat flux: qyi, 91, Qje> 91

 Toroidal resonance

Evolving equations ~ ——__|

d d p d
%uni»da IIiC;E
Electron: - U'aA"'EP"e’

° |On:_7’ll’, P_Li
d

—P
dt le
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« (Code structure
* Normalization
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% Basic normalized quantities L

. Normalization parameters: (L,T,N, B)
=L/T,V?=V?Z=B%/uym;N,Q =eB/m;,C,or = QT

t B . _
f:? BZET V=LV, k=0Lk
 Define
ITD — A”/B, U = A”/B U — TL’G/TH@_
» Evolving variables other important variables
P I
N’ - m, V2
| T
U — . ~
=y - 7 :EQM- 1,
__ P A
PN Jje =LJ)c
7 —_ T ] ’L;__,T — T—’T:r(_'_
U=t “T.BN
5 =2 5=_2
YT "LV 13



Normalized ion equations

on; - . - 1
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Normalized electron equations L

0 1. - 1 - 1.
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4 Normalized vorticity equations |

oU f Vi -
E — _[Qﬂ U[]] [Q U]——B VHJ”C B [L Jg]—l—b()x"b V(P\|z+pLz+pl|e+pL€)

Cnor BU no CnorBU 1

+Cior Bo[¢ 7, 720) + Crron Bol o g, 1] + V3D, 1)+ V3.,
Tzo TzO
53 |6 o ol - SRvaby 59 &
— Chor B [\IJ W, 5 } + Copioby X K-V (quf 4 Vidﬁ)
0
Where:
o we w(f: =DB(n, —n;)
m U :Cnor"tf%r(f
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 (Code structure

* |Implementation
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Gyro-average operator L

« Gyro-average operator with Pade approximation:

1 1 ,
v..-p—beV(I) F[‘}a(b)ﬁl—l—bﬂ
~ _1_
vi, = zbxvA DO FEg b=V
i F[} — Fl ~ 1

« Multiply the denominator in the operator:
(1-pfv)e = ¢
* This equation is solved using Laplacian inversion in the code:
gyrophi = invert laplace(phi,phi flags,&gyroa,NULL,&gyrob);

18



% Modified Laplacian operators L

* The modified Laplacian operators can be expressed as the
subtract of gyro-average operators:

2

8F2 Jd 1y
vio =220, Vie b () o
b b
- 2 ? -~ N
(1+3) (1+3)
1 1 1 1
= O =2 — — = o
(1+2)" 1+3 (1+5)" (1+35)
9 (D, — D], 9 [By — By

1 1
where ¢, = ng) and ¢, = FE D,

19



* The gyro-kinetic Poisson equation IS

. eB| ep? |
U = . [n —n; — ng (1 Fo) To i T Vng - V(I Fl)(;)}
* Define o T . [
e -’no-rﬁﬂ ' Z Cnor EO

» Poisson equation become§

(1=To)¢— = V(To=T1)0 = Nmia.
0
 With Pade apprOX|mat|on
. 1
V Q + = A an] VQ — _,52 nm’ad + Vln?md
0 1

* In the code
phi = invert laplace(gyrosour, phi flags, NULL, &n@, NULL);

20



Poisson equation

with adiabatic response L

* The adiabatic response is used in the electrostatic simulations;

» The gyro-kinetic Poisson equation with adiabatic response is

1/2
n0¢ 1/2 5 no darl,
— (1 -Tye =I,"7n; b T;
oy ¥ T (1= T8 = 10"+ 7 b 5T
« After normalization and Pade approximation, the equation
becomes

* In the code
phi = invert laplace(gyrosour, phi flags, &phia, NULL, &phid);

21



 (Code structure

* |nputs

22



Options in the input file L

electrostatic Solve Poisson equation with adiabatic response,
instead of solving the electron equations.

eHall Electron drift wave terms

Gyroaverage Gyro-average and FLR effect terms

FLR_effect

Continuity Compressible terms

Compression Parallel viscosity

|sotropic (default: false) Average the parallel and perpendicular pressure
Landau_damping_i Landau damping terms for ions
Landau_damping_wecoll i Collisional terms in ion Landau damping
Landau_damping_e Landau damping terms for electrons
Landau_damping_wecoll e Collisional terms in electron Landau damping
Energy_flux Energy flux terms in toroidal closures
Toroidal_closure2 The imaginary part of |w,| terms in toroidal closures

Toroidal_closure3 The real part of |w 4| terms in toroidal closures 23



A Options in the input file cont. L

 curv_model: Controls the implementation of

curvature term (iwg )

'1Zl'a)d=T—;bXK°\7;

e
-2:ia)d=e%b><VB-l7;

3.la)d—283(b><l€ l7+BbeB V), 2
* 4tiwg =-2bx k' -V, where k' = 2 X V (poPy + =) is

the magnetic curvature calculated in the code;
« 5 iy, — 0 - 1 :
5.lwd—283(b><}c \7+Bb><\7B \7).

24



* Applications
« Benchmarks
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Our 3+1 GLF code is benchmarked with other gyro-

kinetic and gyro-fluid code in ES ITG simulations LL

 With adiabatic electron response,
the 3+1 GLF results are in good o

agreement with other gyrofluid o1 341 GLF
code (GLF 3+0) and gyorokinetic ;.|
code (FULL). -

00 01 02 03 04 05 06 07
kg p;

1. C.H. Ma, X.Q. Xu, et al., PoP (2015)

Adiabatic response:

1/2

- no‘.b no¢ 1/25 no oIy -
- 1-T =TI, "1 b T;

‘ I LIO ‘ l l 1!2 I l ‘ 1!4 ' ‘ I IAIB ‘ l ' |_‘3 TeO TlO ( O)¢ Tio ab lJ- 26




The Landau closure with collisions has

Implemented and tested in BOUT

4.0lelo _Parallel heat flux 4.0lel0 _Parallel heat flux
— BOUT, nonlocal — BOUT, nonlocal
3.5¢ — BOUT, Braginskii 1 3.5} )

— BOUT, Braginskii 1
- Maxim, nonlocal
- Maxim, Braginskii |

= Maxim, nonlocal
- Maxim, Braginskii

3.0t 3.0t

2.5} 2.5}

& 2.0} | =2.0 |
1.5/ NO=10%"cm3 | 1.5/ NO=10%3cm3.
1.0 1.0
0.5 0.5
0.95 55 60 65 70 0.95 55 60 65 70

Y
Parallel scale length

Y
* The nonlocal heat flux has
mlv closer results for the stronger
collision case;
* The implementation in

BOUT++ is well benchmarked
with Maxim’s results?.

$\lambda
[
OO

=
S
=

=
S
N

55 60 65 70

y 1. M.V. Umansky, et al., J. Nucl. Mater. (2015) .,

(€]
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:’:‘ The linear growth rates of 3+1 and 6-field model agree

well in lower mode numbers LL

0.25 . .
@ The linear growth rate for 6-field
0.20l model is much larger than the
£ results from 3+1 model, because
Z0.15 d the diamagnetic effect may not be
0.15
g a good approximation of the FLR
£ 0.10 | effect when &, p; is large;
S os — 6f FL @ The collision effect destabilizes
7 «— 3+1, w/coll. ' the modes by reducing the parallel
~—  3+1, w/o coll. ]
0.0 | . . J , | heat flux;
] Cio 20 30 40 50 60 70 80 . .
Toroidal mode number @ The linear growth rates of 6-field
The black curve for 6-field, with the free streaming and 3+1 have good agreements in
limitation; The red curve for 3+1 model, with Landau lower mode numbers where

damping and collisions; The blue curve for 3+1 model,
with Landau damping, without collision effect. kJ_,D;' < 1.

28



* Applications

* Physics results
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The global beta-scan with a series of self-

consistent equilibrium

35000

: : 1200 —— .
— 5=068 0.8 — 3=068] - — (=068
300007} — 3=0.90 | ’ — 3=0.90 —  3=090
— — 5=113 1000 S~ — 5=113
25000} — —~ — p=135]| o — B=135
. —_ % 0.6 — p=l8 = 800 \\\ — 3=158
& 20000, E peLs0 )l = B 5=180|]
[«M] Ng 5
5 15000F =04 2 600}
2 Z 5
¥ 10000/ @ o
a T 0.2 £ 400}
5000} e 2 ”
ol ool 200} K
-500QL N — \
.0 02 04 06 08 1.0 1.2 14 1.6 00 02 04 06 08 10 12 14 1.6

80 02 04 06 08 1.0 12 14 16

Normalized poloidal flux () Normalized poloidal flux («) Normalized poloidal flux (1)

10°

5068
3=0.90
3=1.13
5=1.35
10| =158

 The temperature profile is fixed:;

* The density and pressure profiles 107]
Increase when [ increases.

» Weakly-collisional case, v; < 0.1 10
* n; = 0.685, the same for all cases.

 Jet like equilibrium;

Ve *

-3 ) ) ) ) ) ) )
0.0 02 04 06 08 1.0 1.2 14 1.6
Normalized poloidal flux ()
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| ;
hl ﬁ

0.40

Kinetic physics has stabilizing effects on
balloonlng modes

0.35+

0.30}

0.25+
-

QF 0.20¢
0.15¢
0.10¢
0.05}

— MHD
»--= KBM w/o DAW
~— KBM

00808 " 10 12 14 16 18 2.0

0.00

—0.05¢
"< —0.10¢
> —0.15}

Real frequency (w

—0.35¢}

~0.49

—0.20¢
—0.25¢
—0.30¢

3 (%)

6 08 1.0 1.2 1.4 1.6 1.8 2.0
3 (%)

1. C.H. Ma, X.Q. Xu, et al., PoP (2015)

L

 This is kinetic ballooning modes
(KBM) because there is no instability
without curvature drive;

* The real frequency is around the
theoretical prediction;

» Since n; < 1, threshold of KBM and
IBM is about the same.

0.35

0.30}

0.25}

0.20¢

¥/wa

0.15}

0.10¢

0.05¢

0.00

[ 1

T

[JN]

—_ = ==
[ B
S GO Ut

[

Same
tabiliz

T~

0

jon diamagnetic

ing effects!

10 20 30 40 50 60 70 80

Toroidal mode number (n)
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The relative energy loss increases with

increasing beta LL

 When beta increases, the
relative energy loss of initial
30 —Mm8m8¥ —— crash from all channels
, Increase;

« Convective energy loss is
dominant because of the
large density height;

* Energy loss from ion is larger
than the loss from electron;

» Electron perturbation is
°¥1 12 13 14 15 16 17 18 1.9 damped by the Landau

A (%) damping effect, which is
larger than ions by a factor of

\/mi/me.

N
o

[
un

Energy loss (%)

[
o
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KBM is unstable below IBM threshold

when temperature gradient is large LL

— KBM
- ideal MHD ||

« Concentric circular magnetic
surfaces without shift; <

 The unstable threshold are
the same for the constant
temperature case (n; = 0).;

» The KBM is unstable under >
ideal ballooning mode 07
threshold when n; = 2. 08

")

L
o
U

©
o

 There Is no second stable
region in these cases
because the Shafranov shift
effects Is missed;

Growth rate (C,/

e Qo
w

N

— KBM |
- ideal MHD

o
H

o
o




The shift increases with beta in our

equilibrium =

0.6 o—o Corlsica
a | » The shift and maximum
P | elongation increase with
£ 0.58| | beta in the equilibrium.
wn 2.0
0.56} 1 1.5}
0.54/ |
0.54
05503 04 05 06 07 08 0.9 00
)8(%) —0.5H
1.12 1.12 : ‘ , __-1.0t
+— Corsica —L5y
. 1.11} 1.10y =20 015 2.0 25 30 35 40 45 5.0
= 1.08}

Elongation
(]
o
(o)}

Elongation «
=
o
w

Radial profile of Elongation |

—
o
©

1.0 : ‘ ‘ : : : : : : :
6.2 0.3 04 05 06 07 08 09 1'08.0 0.2 0.4 0.6 0.8 1.0
3 (%) Normalized minor radius (r) 34



i Second stable region of KBM is found

in the self consistent beta scan LL

» Beta scan in a series of self- T
consistent grids; 0.40 —= ' '.
« The linear growth rate forthe %%
ballooning mode peaks at ~ 0.30}
f = 0.66%; 2 0.25)
» The KBM is unstable when £ |
. = 0.4% and a, = 1.8; s 0.15

: © 0.10}
* The second stable region of

KBM is observed when

0.05}

p > 0.9% and a > 3.75; 8205 06 07 08 09 10
« The growth rate of ideal A (%)

ballooning mode is larger than Parameters:

KBM in this case. n =20, (kgp; = 0.11)

q=2.0,s =270
R =3m,a=2m
e, =1/18.6,n;, =n, = 3.1 35



Initial GLF simulations in X-point geometry LL

keps
(Y A N AN ILRE AR LS RAR 0.28 0.56 0.84 1.12 1.40
DIII D 1 N 1 N 1 N 1 N 1
0.3 === shot 144977 low current
1.0} - ' = @ - shot 144981 high current
o=
3
0.5f . o] 0.2 | -
©
=
=
o
0.0 . o
0.1} 4
L 4
[
-0.5¢ .
00 1 M 1 M 1 M 1 M 1
20 40 60 80 100
o mode number n
'  The GLF simulations show reliable mode structures
» The DIII-D magnetic and plasma profiles are ideal P-B mode stable
el e | U I B P B I « The mode is at the outside midplane side, driven by the bad curvature

1.01.21.4161820222.4 | The Landau damping and toroidal closures are turned off in these

initial simulations 36



The Landau damping closures have similar

impact on the ELM size as flux-limited heat flux

Energy loss (%)

— Landau

—  Flux limited |

600 900
Time (t/74)

0 300

L

Landau damping:

8 ik kgT;
qyj = ~Mo |—Vr 051—1,6
|k|||+ g
Flux limiting
Kon K
q1j = 2 VioT;
Ksy + Krs

1200 1500 1800

* Nonlinear simulation shows that the energy loss of am ELM
are similar with Landau damping closure or flux-limited heat
flux in 6-field Landau-fluid simulations.

1. C.H. Ma, X.Q. Xu, et al., PoP (2015)
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*  Summary
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 The 3+1 GLF model is implemented in the BOUT++
framework for pedestal turbulence and transport;

 The 3+1 GLF model is well benchmarked with other
gyrokinetic, gyrofluid and two-fluid codes in both
electromagnetic and electrostatic regimes;

* The energy loss of an ELM increases with beta near
the first stable region;

* The second stable region of ballooning mode is
found in our self-consistent beta scan with the global
equilibrium.
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Install the 3+1 module L

* Get the bout_ gl qit repository:
git clone ssh://user@portal-auth.nersc.gov/project/
projectdirs/bout glf/www/git/bout glf.git

« Switch to the modomegad branch:
git checkout bout modomegad

« Compile the code (on cori):

./configure --with-netcdf=/global/u2/c/chma/cori/local --
with-fftw=/global/u2/c/chma/cori/local

make
cd examples/glfkbm3-1
make

40



e Launch the linear run job:
gqsub bout cori debug.sh

* Get the linear growth rate:

python growthrate.py -v -f P data
« Example output:

Growth rate from linear fit from -20 to -1 is:

0 100

Mode structure P

200

NX

300

400

500

P

0.1491077

60
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